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A B S T R A C T   
The presence of polycyclic aromatic hydrocarbons (PAHs) in water poses a serious threat to the human health 
due to their toxic effects. Therefore, the removal of these compounds from drinking water in Potable Water 
Treatment Plants (PWTPs) should be evaluated and optimized to assure the quality of water intended for human 
consumption. In this work, changes in PAHs levels during drinking water treatment processes have been 
monitored to evaluate the effectiveness of conventional processes in the removal of these recalcitrant pollutants. 
Several chemical treatment methods based on the addition of KMnO4, FeCl3 and NaClO were evaluated through 
jar tests. The analysis of PAH content of aqueous samples was carried out by gas chromatography coupled with 
mass spectrometry. The highest removal efficiency, over 90%, was obtained for benzo(a)anthracene, benzo(a) 
pyrene and dibenzo(a,h)anthracene. The most recalcitrant compounds to degradation were fluorene, anthracene, 
phenanthrene and flouranthene with reduction rates between 45 and 57%. The conventional treatment processes 
assessed have been proved to be effective reducing the PAH below the legal limits of drinking water quality. The 
definition of a parameter based on chemical properties of PAHs, i.e., sorption capacity and energy required to 
remove an electron, enabled the prediction of removal rate of pollutants which represents a valuable information 
for the plant operation.   
1. Introduction 
Over the last decades, the presence of persistent organic pollutant, 
such as polycyclic aromatic hydrocarbons (PAHs), has been detected in 
aquatic environment. These hazardous organic pollutants, containing 
two or more fused benzene rings, are generally characterized by low 
solubility, low vapor pressure and high melting and boiling points. Some 
PAHs have been classified as priority contaminants due to their toxic, 
mutagenic, carcinogenic and estrogenic effects on humans (Bojes and 
Pope, 2007). In general, PAHs are formed as product of incomplete 
combustion from natural (coal, oil and wood) and man-made combus-
tion sources (automobile emissions) (Abdel-Shafy and Mansour, 2016). 
In addition to pyrogenic sources, PAHs can be of petrogenic and biologic 
origin. Petrogenic PAHs are formed during crude oil maturation and 
similar processes. The PAHs produced by bacteria and plants are clas-
sified as biologic (Harrison et al., 1975). Hence, the production of PAHs 
can be associated with either anthropogenic processes or natural 
activities being the anthropogenic contribution the most relevant 
(Fernández et al., 2000). 
PAHs has been commonly detected in air, soil and water entailing a 
ubiquitous environment risk. The low solubility of PAHs in water causes 
their attachment to the surface of particular matter which promotes they 
reach the hydrosphere (He et al., 2021). According to Karyab et al. 
(2013), PAHs enter water sources predominantly through fossils fuels 
combustion, petroleum spill, road runoff, industrial wastewater, leach-
ing from creosote-impregnate wood and dry and wet deposition (Karyab 
et al., 2013). Hence, PAHs have been reported in drinking water, rivers 
and lakes, groundwater, wastewater, seawater and sediments. Mojiri 
et al. (2019) provided a comprehensive review on the most relevant 
PAHs contained in water environments. They reported benz[a]anthra-
cene and phenanthrene in treated and untreated drinking water, 
respectively. 
Biological and physical-chemical methods have been explored to 
effectively remove PAHs from aqueous solutions. Among biological 
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treatment methods, bioreactor, phytoremediation and bioremediation 
are the most common approaches proposed to reduce PAH contami-
nants. In Municipal Wastewater Treatment Plants (MWTPs), the 
biodegradation of organic pollutant, occurring both aerobically and 
anaerobically, is achieved through activated sludge process, sequencing 
batch reactors and membrane bioreactors (Fatone et al., 2011; Giordano 
et al., 2005; Qiao et al., 2016). 
Concerning physical-chemical treatment methods, the most 
commonly applied to remove PAHs from water are: membrane filtration 
(i.e. microfiltration, ultrafiltration, nanofiltration and reverse osmosis) 
(Li et al., 2019), adsorption (Dai et al., 2020), advanced oxidation 
processes (i.e. ozonation, electrochemical oxidation, Fenton reagents 
and UV) (Badawy et al., 2006; Gaurav et al., 2021) and chemical pre-
cipitation (Smol and Włodarczyk-Makuła, 2017). 
PAH oxidation by the addition of chemical reagents includes hy-
droxyl radical, ozone and permanganate ion (Boulangé et al., 2019). The 
production of hydroxyl radicals could be achieved by several methods, 
such as adding Fenton reagents and hydrogen peroxide, UV reaction and 
ultrasonic cavitation (Rubio-Clemente et al., 2014). The degradation of 
PAHs using ozone is produced not only by direct oxidation of the target 
compounds by O3 but also by indirect radical oxidation at basic pH 
(Beltran et al., 1995). 
The oxidation of PAHs contained in water using permanganate 
shows some important advantages: effectiveness across a wide pH range, 
low cost, easy and safe to use, high stability and mobility (Stewart, 
1964). The oxidation of organic contaminant by permanganate ion is 
based on the formation of MnO4− ions in aqueous systems which are an 
efficient and strong oxidant to break alkene C–C double bonds of the 
PAHs structure. 
In general, the oxidation of organic contaminant by permanganate 
ion generates manganese dioxide plus organic intermediates (ROX) or 
CO2 (de Souza e Silva et al., 2009) and could be represented as: 
R+MnO4 − ➔MnO2 +CO2  
R+MnO4 − ➔MnO2 +ROX 
The specific mechanisms of permanganate oxidation of PAHs are 
complex due to the numerous reactions in which Mn can be involved as a 
consequence of its multiple mineral forms and valence states (Ferrarese 
et al., 2008). Furthermore, some studies have concluded that the reac-
tivity of chemical degradation of PAHs by permanganate depends on the 
molecular structure of the pollutant (Brown et al., 2003). 
At this point, it should be highlighted that individual PAHs can differ 
significantly in their physical and chemical properties which difficult the 
development of remediation techniques for PAHs contaminated sites. 
Therefore, studies dealing with the simultaneous removal of PAHs from 
real matrices are required for a better understanding of the pollutant 
behaviour. These results would be really valuable not only to propose 
new remediation techniques but also to develop tools for the prediction 
of the pollutant removal under different experimental conditions. 
The aim of this work was to evaluate the effectiveness of conven-
tional treatment processes from a Potable Water Treatment Plant 
(PWTP) in the simultaneous removal of several PAHs. The role of three 
chemicals used commonly in water potabilization (i.e., potassium per-
manganate as oxidant, FeCl3 as coagulant and NaClO as disinfectant) in 
the degradation of PAHs from aqueous solutions has been explored 
through the simulation of the plant by means of jar tests. The analysis of 
PAH samples was carried out using gas chromatography coupled with 
mass spectrometry (GC/MS). Experimental results allowed to develop an 
approach to predict the percentage of the removal of several PAHs from 
water based on their chemical properties. 
2. Material and method 
2.1. Water purification plant 
This study was performed in the Potable Water Treatment Plant 
(PWTP) of Atabal (Fig. 1), operated by the Municipal Water Company of 
Malaga (EMASA). The plant is designed to treat a water influent of 2500 
L s− 1 collected from natural supply sources. The treatment process for 
potable supplies involves several steps, including coagulation- 
flocculation, sedimentation, and sand filtration. The conventional 
treatment embraces the chemical addition system. First, potassium 
permanganate (KMnO4) is fed into the raw water in a concentration of 
0.35 mg L− 1 with a reaction time of 8 min. Then, sodium hypochlorite 
(NaClO) is added as chemical disinfectant with a final concentration of 
2 mg L− 1 of free chlorine. At the same time, ferric chloride (FeCl3) is 
added to water as coagulant in a concentration of 18 mg L− 1. The contact 
time is also of 8 min. After chemical addition, sedimentation is per-
formed to remove solid particles from water. The clarification system of 
the plant consists of an Accelerator clarifier with a capacity of 500 L s− 1 
and two Accelerator IS clarifiers equipped with a mobile diametric girded 
braced and a sludge scraper system with a total capacity of 2000 L s− 1. 
The clarified water is submitted to filtration to separate suspended and 
colloidal particles. The filtration system consists of twenty sand filters 
(Acuzur type V) with a total capacity of 2500 L s− 1. The treated water 
could be directly transported to the water supply network or pumped to 
the desalination plant. The generated sludge during the described pro-
cess is treated in a clarifier (Densadeg) which combines the principle of 
lamellar settling with an integrated sludge thickener. After centrifuga-
tion, the dehydrated sludge is transported to the nearest Wastewater 
Treatment Plant (WWTP). 
2.2. Water sampling and analysis 
Water samples were collected from the entrance of the PWTP. The 
main physicochemical parameters were determined using normalized 
methods accredited by UNE-ISO/IEC–17025. The parameters analysed 
were: colour, turbidity, pH value, conductivity, chloride, calcium, 
magnesium and sodium content, hardness, oxidability, free residual and 
combined chlorine and Langelier saturation index. Experiments were 
performed using three different water samples to assure reproducibility 
of experimental conditions. 
This work was focused on 13 PAHs categorized by the USEPA as 
Fig. 1. Aerial photograph of PWTP (Atabal). Source: Google Earth.  
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Table 1 
Chemical structure and properties of the selected PAHs.  
Compound Formula CAS number Chemical structure log Kowa Ionization potential 
(eV) 
Solubility in water (mg L− 1) at 25 ◦C 
Fluorene (FL) C13H10 86–73-7 4.18 7.91 1.69 
Phenanthrene (PHE) C14H10 85–01-8 4.57 7.89 1.15 
Anthracene (ANT) C14H10 120–12-7 4.54 7.44 4.34 10− 2 
Fluoranthene (FLU) C16H10 206–44-0 5.22 7.90 0.26 
Pyrene (PYR) C16H10 129–00-0 5.32 7.30 0.135 
Benz[a]anthracene (BaA) C18H12 56–55-3 5.61 7.50 9.4 10− 3 
Chrysene (CHY) C18H12 218–01-9 5.63 7.60 2 10− 3 
Benzo[b]fluoranthene (BbF) C20H12 205–99-2 6.06 7.32 1.2 10− 3 
Benzo[k]fluoranthene (BkF) C20H12 207–08-9 6.57 6.99 8 10− 4 
Benzo[a]pyrene (BaP) C20H12 50–32-8 6.84 7.11 1.62 10− 3 
Dibenz[a.h]anthracene 
(DahA) C22H14 53–70-3 6.86 7.39 2.49 10
− 3 
benzo[ghi]perylene (BghiP) C22H12 191–24-2 7.66 7.17 2.6 10− 4 
(continued on next page) 
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priority contaminants including benzo[ghi]perylene (BghiP), chrysene 
(CHY), benz[a]anthracene (BaA), benzo[b]fluoranthene (BbF), anthra-
cene (ANT), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), fluo-
ranthene (FLU), Indeno[1,2,3-cd]pyrene (IcdP), phenanthrene (PHE), 
dibenz[a,h]anthracene (DahA), fluorene (FL), and pyrene (PYR). Their 
chemical properties can be found in Table 1. 
For extraction, the commercial stir bar Twister was employed for all 
PAHs measurement. The stirring of the aqueous sample was carried out 
during 16 h at 850 rpm. When this step had been completed, the Twister 
was transferred to Thermal Desorption Unit to obtain the organic com-
pounds in aqueous samples to be analysed. 
Gas chromatography (GC) coupled with mass spectrometry (GC/MS) 
provides reliability and sensitivity for the trace analysis of organic 
pollutant in the environment. The advantages of using GC/MS rely on 
the efficiency of gas chromatography separation and the good qualita-
tive information and high sensitivity provided by mass spectrometry 
(MS) (Santos and Galceran, 2003). Therefore, the PAHs content of 
samples was determined by a gas chromatograph-mass spectrometer 
(6890 N, Agilent) according to the Method 525.3 (EPA/600/R–12/010) 
(Munch, 2012).The column used was DB5MS–UI with helium as carrier 
gas. The oven temperature was programmed starting at 70 ◦C for 2 min, 
gradually increased to 285 ◦C where it held for 5 min. The injection was 
set at 40 ◦C, increased to 325 ◦C where it held for 7 min. 
2.3. Jar tests 
Jar tests were selected as a well-known tool to simulate full-scale 
PWTP. The multiple stirrer jar test apparatus used (Stuart) provides a 
constant rotational speed of the stainless-steel paddles to assure repro-
ducible results. The experimental procedure is schematically presented 
in Fig. 2. 
The concentration of PAHs in raw water (sample 1) was almost 
negligible (FL: 2.25 10− 3 μg L− 1, PHE: 3.05 10− 3 μg L− 1, ANT: 3.35 10− 3 
μg L− 1, FLU: 2.00 10− 3 μg L− 1, PYR: 7.50 10− 4 μg L− 1, BaA: 3.15 10− 3 μg 
L− 1, CHY: 1.80 10− 3 μg L− 1, BbF: 5.60 10− 3 μg L− 1, BkF: 1.80 10− 3 μg 
L− 1, BaP: 1.80 10− 3 μg L− 1, DahA: 5.00 10− 3 μg L− 1, BghiP: 6.85 10− 3 μg 
L− 1, IcdP: 6.20 10− 3 μg L− 1). Therefore, to perform experiments, first, a 
standard mixture solution of the aforementioned PAHs (100 μg L− 1 in 
Methanol/Acetone) was added to the real water samples to obtain a total 
concentration of each PAH of 0.1 μg L− 1. As can be seen in Table 1, the 
selected concentration is close to water solubility for some PAHs. Thus, 
the study was not only based on the study of soluble PAH but also PAH 
attached to solid particles contained in the water. The experiments 
consisted in introducing 1 L of the spiked water sample in the jars. After 
that, the KMnO4 was added and the paddles velocity was of 150 rpm 
during 8 min. Then, a water sample of 100 mL was collected to analyse 
the PAH content. Afterwards, a known mass of NaClO and FeCl3 was 
added to the water samples and the agitator was set at 150 rpm during 8 
min. At last, the agitation was stopped with the aim of allowing the 
particles to settle down during 30 min. Then, a final water sample of 100 
mL was withdrawn to determine the PAH content. The reagents were 
added in the same proportion as in the PWTP. 
3. Results and discussion 
3.1. Water characterization 
According to the Spanish legislation (BOE-A-1988-20883, 1988), the 
water treatment should involve intensive physicochemical treatment, 
refine and disinfection in view of the characteristics of raw water 
(Table 2). The parametric values for potable drink water after treatment 
reported by the European Union (EU) and the World Health Organiza-
tion (WHO) (European Union, 5AD; World Health Organization, 2017) 
are also presented in Table 2. The error values correspond to the stan-
dard deviation of the results for the three different raw water samples 
Table 1 (continued ) 
Compound Formula CAS number Chemical structure log Kowa Ionization potential 
(eV) 
Solubility in water (mg L− 1) at 25 ◦C 
Indeno[1.2.3- cd]pyrene 
(IcdP) C22H12 193–39-5 7.23 6.90 6.2 10
− 2 
References: (Sangster, 1989), http://pubchem.ncbi.nlm.nih.gov, https://webbook.nist.gov/chemistry/ 
a Logarithm of the octanol-water partition coefficient. 
Fig. 2. Schematic diagram of experimental procedure.  
Table 2 
Standard specification for potable water (European European Union, 5AD; 
World Health Organization, 2017) and characterization of raw water.  
Parameter Standard value Raw water 
Colour (TCU) 15 5.75 ± 0.35 
Turbidity (NTU) 1 29 ± 0 
pH 6.5–9.5 8.2 ± 0.0 
Conductivity (μS cm− 1) 2500 2475 ± 318 
Chloride (mg L− 1) 250 606 ± 115 
Sodium (mg L− 1) 200 395 ± 73 
Calcium (mg L− 1) 100–300 114.5 ± 3.5 
Magnesium (mg L− 1) < 100 32 ± 3 
Hardness (m L− 1) 500 416 ± 22 
Oxidizability (mgO2 L− 1) 5 mg O2/L 2.20 ± 0.28 
Free chlorine (mg L− 1) 1 mg L− 1 < 0.2 
Combined chlorine (mg L− 1) 2 mg L− 1 < 0.2 
Langelier saturation index ± 0.5 0.7  
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used in this work. 
The colour of raw water was within established limits whereas its 
level of turbidity was higher. Turbidity could be associated with sus-
pended particles, chemical precipitates, organic particles, and organism. 
Although most particles that contribute to turbidity have no health 
significance, the aforementioned treatment entails the reduction of this 
parameter below the maximum recommended value. The pH value was 
within the recommended standard, which ranged from 6.5 to 9.5. The 
electrical conductivity, directly associated with the concentration of 
dissolved salts, was close to the maximum recommended. Contents of 
chloride and sodium were higher than the standard values. According to 
the WHO, these results could be associated with saline intrusion, min-
eral deposits, seawater spray, sewage effluents and salt used in road de- 
icing. In this particular case, high salinity is associated with saline 
intrusion in natural supply sources. The values of calcium and magne-
sium content, which are not considered of health concern by WHO, were 
within the taste threshold. The hardness was lower than 500 mg L− 1 
which is the maximum value that consumers usually tolerate. The oxy-
gen demand, free and combined chlorine content were also below the 
reference values. The Langelier index, which is used to predict calcium 
precipitation, was slightly higher than the recommended value. It 
should be noted that water after treatment complies with the quality 
values required in the current Spanish regulations. 
3.2. Jar tests results 
In this section, results of the jar tests simulating water treatment with 
KMnO4 are firstly discussed. The chemical oxidation involving per-
manganate has been widely used for the destruction of organic con-
taminants in several matrices (Gates-Anderson et al., 2001). As shown in 
Fig. 3, the PAH concentration in sample 3 (Fig. 2) for all selected con-
taminants was reduced after permanganate treatment. The error bars for 
all the figures presented in this section correspond to two time the 
standard deviation of the triplicated experiments. The rate reduction 
was PAH specific varying between 50 and 80%. The higher reduction 
was detected for benzo(a)pyrene, while the most recalcitrant to degra-
dation were fluorene, phenanthrene, fluoranthene, benzo[ghi]perylene 
and indeno[1.2.3-cd]pyrene. The divergences in PAH removal could be 
associated with the PAH chemical structure which directly influences on 
the mechanism reactions. Although several mechanisms and pathways 
has been reported to explain the PAH oxidation, the electrophilic aro-
matic substitution reaction has been proved to be the most relevant for 
these compounds (Forsey et al., 2010). For this pathway, the ionization 
potential, i.e. the ability to donate electrons, could be used as a tool to 
approximate the energy involved in the PAH oxidation. As the ability to 
donate an electron decreases, the rate of the reaction also decreases. 
Therefore, the higher values of ionization potential for fluorene (7.93 
eV), phenanthrene (7.91 eV) and fluoranthene (7.80 eV) (Dewar et al., 
1970) could explain their lower removal compared with the rest of 
PAHs. The recalcitrant behaviour experimentally observed for benzo 
(ghi)perylene and indeno[1.2.3-cd]pyrene has been previously associ-
ated with its chemical structures: highly conjugated polyaromatic 
compounds with a high molecular weight and with six benzene rings 
(Mojiri et al., 2019). On the other hand, a higher benzo(a)pyrene 
reduction (80%) was achieved through permanganate treatment. Brown 
et al. (2003) have previously concluded that the high reactivity of benzo 
(a)pyrene could be explained through the Clar structural model (Brown 
et al., 2003). More specifically, they have associated the number of 
carbon‑carbon double bonds, the number of stabilizing sextets and the 
shared carbon‑carbon double bonds with the permanganate reactivity. 
Results of jar tests after KMnO4, NaClO and FeCl3 addition and 
sedimentation (sample 4 according to Fig. 2) are presented in Fig. 4. 
Below, the effectiveness of NaClO, an economically available oxidizing 
agent widely used for disinfection of potable water, and of FeCl3, a 
coagulation reagent, on the removal of PAHs is discussed. The results 
showed that the removal rate of pyrene, benzo(a)anthracene, benzo(k) 
fluoranthene, benzo(a)pyrene and dibenzo(a,h)anthracene was higher 
than 90%. The most effective removal during NaClO and FeCl3 treat-
ment was detected for pyrene, dibenzo(a,h)anthracene, benzo(ghi)per-
ylene and indeno(1.2.3-Cd)pyrene which increased by more than 30% 
compared with water treated only with permanganate. The lowest 
removal efficiency, close to 55%, was reported for fluorene, anthracene, 
phenanthrene and flouranthene. The most relevant positive effect of the 
















































































Fig. 5. Total removal of PAHs after sedimentation versus octanol-water coef-
ficient and ionization potential ratio for each compound. 
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With the purpose of comparing the behaviour of selected PAHs, log 
Kow/PI ratio versus the total percentage of PAH removed has been pre-
sented in Fig. 5. Octanol-water partition coefficient (Kow), used as in-
dicator of sorption capacity, represents the ratio of concentration of a 
compound between octanol and water phases. Substances with high log 
Kow values are more difficult to solubilize and tend to be adsorbed more 
readily to solid particles. For water treatment processes, the sorption 
entails the separation of PAHs through sedimentation of solid particles. 
Regarding ionization potential, as aforementioned, as values of ioniza-
tion potential decreases, the ability to donate an electron increases and, 
subsequently, the degradation of PAHs would increase. As can be 
observed, the lower degradation percentages were found for compounds 
with the lowest values of log Kow/PI (FL, PHE, ANT, FLU). A positive 
linear correlation between log Kow/PI and the percentage of PAH (R2 >
0.8) was observed (Fig. 5). From these results, it could be concluded that 
the evaluation of log Kow/PI ratio for each PAH represents a useful tool to 
predict approximatively their removal percentage based on sorption 
capacity (Kow) and energy required to remove an electron (PI). 
According to the EU regulations, the limit value of the sum of four 
selected PAHs (BbF, BkF, BghiP, IcdP) for drinking water is 0.1 μg L− 1 
(European Union, 5AD). With the aim of evaluating the effectiveness of 
the treatment, the total concentration of the aforementioned PAHs has 
been evaluated after each treatment step (Fig. 6). Initial concentration of 
spiked samples was about four times higher than the standard value. 
After permanganate treatment, the PAH concentration was reduced by 
40%. As previously discussed, organic compounds decrease can be 
explained by its oxidation with KMnO4. The sorption of PAHs onto MnO2 
and Fe(OH)3, precipitated as a result of the oxidation reaction of Fe (II) 
contained in raw water with KMnO4, could also contribute to the 
reduction of PAHs level in water (Ersoz and Barrott, 2012). Regarding 
final samples, the total concentration decreased by 85% of its initial 
value. These results showed the important role of the combined effect of 
NaClO and FeCl3, acting as oxidizing and coagulant reagents, respec-
tively, on the degradation of PAHs. As can be observed, the total con-
centration of PAH in drinking water after treatment is below the limit 
value established by EU, which shows an effective pollutant removal 
through the conventional treatment evaluated. On this matter, the plant 
has also available two deposits of activated carbon with a surface area of 
1000 m2 g− 1 to reduce organic contaminants by adsorption, should it be 
required. 
4. Conclusions 
The conventional treatment processes performed in a PWTP has been 
proved effective in the removal of PAHs from drinking water. Experi-
mental results suggested that the water treatment with KMnO4 allows 
the oxidation of persistent organic pollutants, such as PAHs. Significant 
differences between rate reduction for each organic pollutant were 
detected, which was related to the chemical structure of the PAH. A 
parameter based on PAHs properties was defined to evaluate the role of 
the conventional treatment in the removal of the selected organic con-
taminants. From these results, it was established a useful methodology 
to predict the removal percentage of these recalcitrant organic com-
pounds based on its chemical properties. Under the experimental con-
ditions proposed, the plant complies with the legal limits of drinking 
water quality reducing the PAH concentration (BbF, BkF, BghiP, IcdP) 
by 85%. 
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